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In this paper, we describe the results of N-body simulation runs which include a cosmic string
wake of tension Gµ = 10−7 on top of the usual ΛCDM fluctuations. To obtain a higher resolution
of the wake in the simulations compared to previous work, we insert the effects of the string wake
at a lower redshift and perform the simulations in a smaller box. A curvelet analysis of the wake
and no wake maps is applied, indicating that the presence of a wake can be extracted at four sigma
confidence level from maps of the two-dimensional dark matter projection down to a redshift of
z = 3.
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I. INTRODUCTION
Cosmic strings are linear topological defects in Quan-
tum Field Theory which exist as solutions in some models
that go beyond the Standard Model of Particle Physics
[1]. A cosmic string consists of a one-dimensional region
of trapped energy, having significant gravitational effects
for cosmology. If a model of nature admits cosmic string
solutions, strings will necessarily form during the early
universe [2]. For example, in some models, they form af-
ter the end of inflation, and in others, they form during a
phase transition in the early radiation phase of Standard
Big Bang Cosmology. After the cosmic strings form, they
will persist as a scaling network. This means that the net-
work of cosmic strings will have the same properties at
all times if we scale the length observables to the Hubble
radius [2]. The network will consist of a few long strings
∗camargod@hep.physics.mcgill.ca
moving near the speed of light and also of loops of differ-
ent sizes, and it will source sub-dominant fluctuations at
all times. The gravitational effects of a cosmic string are
characterized by only one number µ, its tension, which
does not affect the scaling solution properties of the cos-
mic string network. The tension can also be seen as the
energy per unit of length of the cosmic string, and it is
related to the energy scale η at which the strings form
by the following equation:
Gµ ' (η/mpl)2 (1)
where G is Newton’s constant and mpl is the Planck
mass. The presence of cosmic strings does not produce
acoustic oscillation features on the Cosmic Microwave
Background (CMB) angular power spectrum. This fact
contributes to the current upper bound 1 on the cosmic
string tension [3]:
Gµ ≈ 1.5× 10−7 (2)
A good study on the observational aspects of cosmic
strings has two possible outputs [4]. One possibility is
observing a cosmic string, which would be a significant
achievement on probing particle physics models beyond
the Standard Model of Particle Physics. The other op-
tion is not to observe cosmic strings, which will lower
the bound on the cosmic string tension, thus ruling out
classes of particle physics models. Besides this, cosmic
strings could produce interesting results for cosmology
such as explaining the origin of Fast Radio Bursts [5],
primordial magnetic fields [6], and the origin of super-
massive black holes [7].
1 Note that there are stronger limits on the string tension which
comes from limits on the stochastic background of gravitational
waves on length scales which the pulsar timing arrays are sensi-
tive to (see e. g. [19]). These bounds come from gravitational
radiation from string loops, and assume a scaling distribution of
string loops where the total energy in strings is dominated by
the loops [20]. However, field theory cosmic string simulations
[21] do not yield a significant distribution of string loops. Thus,
bounds on the cosmic string tension from gravitational radiation
from string loops are less robust than the ones coming from the
long strings.
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2This work will concentrate on the Large Scale Struc-
ture (LSS) as a complementary (in addition to the CMB)
arena for probing cosmic string. The primary motiva-
tion is that LSS data contains three-dimensional infor-
mation, which includes many more modes than the two-
dimensional maps from the CMB. The disadvantage of
LSS is that the effects of non-linearities are essential, so
theoretical predictions are harder to be obtained.
In a recent paper [8] (see also [9]) we began a study
of the dark matter distribution induced by string wakes
[10] inserted at z = 31, using a simulation box of lateral
size L = 64Mpc/h and np = 512 particles per dimen-
sion. We found that the string signals for a wake with
a string tension of Gµ = 10−7 can be identified down
to a redshift of z ≥ 10. A possible cause for not being
able to identify the wake at lower redshifts comes from
the fact that the wake thickness was about one order of
magnitude smaller than the resolution length of the sim-
ulation grid at the time of wake insertion. The fact that
the wake survives down to redshift z = 10 supports the
idea that the wake global signal remains present despite
losing its local signal [13]. In the current work, we take a
complementary approach, and we use a box with a small
lateral size (of L = 4Mpc/h) and a higher number of par-
ticles (np = 1024 particles per dimension ), so the wake
becomes well-resolved. The downside of this approach
is that we lose part of the global wake signal and the
advantage is that the effect of the wake lasts for more
time.
A cosmic string wake is a planar overdense region that
forms behind a long string as it passes by the matter dis-
tribution [10]. This effect is a consequence of the fact
that a space perpendicular to the long string will have a
missing angle given by α = 8piGµ [1], causing two test
dark matter particles initially at rest to receive a veloc-
ity kick towards behind the string as soon as it passes by
between the two. The expression for the velocity pertur-
bation is the following:
δv = 4piγsvsGµ (3)
where vs is the transverse velocity of the string and γs is
the associated Lorentz factor. The velocity kick makes
the particles meet behind the string, forming a wedge-
like structure with two times the average matter density.
This is the wake. The initial geometry of the wake after
formation at t = twf will be a box of volume V , consisting
of two large planar dimensions of the order of the Hubble
radius ≈ tf and one smaller thickness with a length of
the order of the Hubble radius multiplied by the deficit
angle:
V ≈ tf × tfvsγs × 4piGµtfvsγs (4)
At early times it is possible to obtain an analytical
understanding of the wake evolution thanks to the fact
that the matter fluctuation outside the wake was in the
linear regime. The Zeldovich approximation [11] gives
the evolution of the comoving wake thickness ψ3 as a
function of redshift z [12] :
ψ3 =
24pi
5
Gµvsγst0
√
1 + zeq
(1 + z)
(5)
where t0 is the present time and zeq is the redshift of
matter and radiation equality. Note that the wake pro-
duces a nonlinear density fluctuation at arbitrarily early
times. Since structures start to grow only after the time
of equal matter and radiation, we choose this time as the
time for wake formation (so we will consider tf = teq).
We use the value zeq = 1000. As the thickness grows
as in linear theory, the planar dimension increases just
with the Hubble flow, and are fixed in comoving coor-
dinates. For the formation time we are considering, the
planar dimension of the wake is about ≈ 100Mpc. If the
analytical thickness evolution remains valid up to today,
we would have wakes with the thickness of ≈ 0.1Mpc at
present (for Gµ = 1× 10−7).
Once the ΛCDM perturbations enter the nonlinear
regime (at about the time of re-ionization), the local mass
distribution in the wake becomes highly nonlinear, the
ΛCDM fluctuations will disrupt the wake [13], and the
subsequent dynamics has to be studied numerically. In
this paper, we simulate cosmic string wakes using an N-
body code called CUBEP3M [14] and apply a statistic
that extracts the wake signal.
The paper is organized as follow: section II contains
a discussion on the previous works regarding wake evo-
lution in the nonlinear regime; Section III describes the
simulations performed in the present work, and the anal-
ysis of the data described in section III is performed in
section IV; Finally, in section V we summarize the essen-
tial results obtained and indicate experimental prospects
and possible paths for an extension of the analysis.
II. REVIEW OF COSMIC STRING WAKES IN
THE NON-LINEAR REGIME
The wake produces a planar non-linear density pertur-
bation at arbitrarily early times, so early on the wake
is unambiguously distinguishable from ΛCDM fluctu-
ations. Once the ΛCDM fluctuations start to domi-
nate, nearby halos begin to accrete material from the
wake, causing wake fragmentation. An analytical study
regarding the wake disruption by ΛCDM fluctuations
was presented in [13], where two criteria for wake dis-
ruption were introduced. The first one concerns local
stability, which was studied by considering a cubic box
with the dimension of the wake thickness and comput-
ing the standard deviation of the density contrast in this
region from ΛCDM fluctuations. The second criterion
takes the global extension of the wake region into ac-
count, by computing the standard deviation of the den-
sity contrast from ΛCDM inside a box with dimension V
(see (4)) given by the whole wake. Both conditions were
computed, and the main result indicates that although
a Gµ = 10−7 wake could be locally disrupted at z ≈ 8
3it could in principle be distinguished from ΛCDM fluc-
tuations at all times using the global information of the
wake.
A method used to extract the wake signal from the
dark matter distribution was presented in [8] and can be
summarized as follows: for any direction of the sphere,
we consider an associated projection axis passing through
the origin of the box. We then consider slices of the sim-
ulation box perpendicular to that axis at each point x of
this axis with thickness given by the grid size of the sim-
ulation, and we compute the mass density δ(x) of dark
matter particles in that slice as a function of x. A one-
dimensional filter wavelet analysis is then performed on
the mass density δ(x), giving a filtered version of it, called
fδ. We then compute the maximum value S of fδ(x) for
each direction (pair of spherical angles) in the simulation
box. S is a map on the surface of the sphere (which rep-
resent the spherical angles), and Sˆ is its maximum value.
The signal to noise ratio for the spherical peak(max(S))
divided by standard deviation (max(S)/std(S)) distribu-
tion for ten simulations without wake and three simula-
tions with a Gµ = 10−7 wake was found to be R¯ = 8.1
at redshift z = 10 and insignificant at lower z.
The setup of the N-body simulation is the follow-
ing. We used an N-body simulation program called
CUBEP3M, a public high performance cosmological N -
body code based on a two-level mesh gravity solver aug-
mented with sub-grid particle-particle interactions [14].
This code generates and evolves initial conditions (which
are realizations of ΛCDM fluctuations) containing posi-
tions and velocities of particles inside a cubic box. There
is an option to save the phase space of the distribution
at any redshift and rerun the code from this checkpoint.
We use this feature for wake insertion, by modifying the
saved phase space distribution at time ti by including ef-
fects of a wake. The modification consists in displacing
and giving a velocity kick to particles towards the wake
plane. The absolute value of the displacement ψ(ti) and
velocity perturbation ψ˙(ti) in comoving units can be com-
puted using the following equations (see [12] for details)
ψ(ti) =
3
5
4piGµvsγsteqz(teq)
z(teq)
z(ti)
. (6)
and
ψ˙(ti) =
2
5
4piGµvsγsteqz(teq)
z(teq)
z(ti)
1
ti
. (7)
Once the wake insertion is made, the new modified dis-
tribution is further evolved by the N-body code.
The primary goal of this paper is to find a statistic
which can extract the wake presence without using infor-
mation about the simulation without a wake. In the next
section, we will describe the simulations in more detail.
III. SIMULATIONS
We performed six N-body simulations without wakes
with the following cosmological parameters: ΩΛ =
0.7095, Ωb = 0.0445, ΩCDM = 0.246, nt = 1, ns = 0.96,
σ8 = 0.8628, h = 0.70, Tcmb(t0) = 2.7255. Those simu-
lations consists of np = 1024 particles per dimension, a
lateral size of L = 4Mpc/h, and initial conditions gen-
erated at z = 31, with checkpoints at z = 15, z = 10.
z = 7, z = 5 and z = 3. The wake is inserted at the
z = 10 checkpoint. All simulations used 512 cores di-
vided into 64 MPI tasks and were run in the Graham
Cluster of Calcul Quebec, part of the Compute Canada
consortium.
As pointed out in [13], if we displace all particles to-
wards a central plane, this creates a nonphysical void on
the parallel planes at the boundary of the simulation box.
Here we circumvent this problem by using a suppression
of the velocity and displacement perturbations that starts
halfway between the wake and the boundary and linearly
decreases to zero at the boundary. This procedure avoids
the creation of a planar void at the boundary since the
particles are not displaced there.
Figure 1 shows the average displacement induced by
the wake on each particle and compares it with the ana-
lytical prediction. As in the previous work, the numerical
simulation results for the wake-induced displacement are
about a factor of two higher than the analytical predic-
tion. We conjectured that this could be due to the non-
physical void, but here it is evident that this was not the
case since there is no void in our new simulations. This
fact indicates that the analytical prediction is incomplete
and we should trust more in the numerical simulations.
Another reason is that we are in the non-linear regime,
where the assumptions of the analytical predictions are
not valid. Also, the analytical prediction assumes a late
time matter dominated cosmology, whereas the numeri-
cal work is done in the context of a ΛCDM background.
The analytical prediction should be modified for the cos-
mological constant dominated period. We plan to do that
in the future.
A similar analysis was done for the induced velocity
perturbation. As figure 2 shows, the difference between
the numerical and analytical velocity perturbations is not
significant.
IV. ANALYSIS
The wake presence is not clear if we compare the vi-
sualization of a two-dimensional projection for a pure
ΛCDM simulation with a ΛCDM plus wake simulation.
Figure 3 illustrates this at z = 3. Both figures show
the density contrast of logarithm of two-dimensional pro-
jections of the dark matter distribution (in simulation
units). The upper figure contains just ΛCDM fluctua-
tions, and the bottom figure contains the same ΛCDM
fluctuations plus a Gµ = 10−7 wake. A trained eye could
4FIG. 1: Average displacement induced by the wake (in blue),
compared with the analytical prediction (in red).
FIG. 2: Average velocity perturbation induced by the wake
(in blue), compared with the analytical prediction (in red).
perceive that a wake is located at the plane Z ≈ 2Mpc/h
which under projection appears as a vertical line at the
middle of the panel (since we are projecting onto a plane
perpendicular to the wake plane). It was not possible to
find a good statistics that extracts the wake signal for
such projections.
This occurs because the Gaussian fluctuations displace
the particles on the wake and these particles no longer
form a straight plane. However, the wake can be better
recovered if we project not the entire x direction, but sev-
eral slices of it. It was found that if we slice the x direc-
tion in 32 different parts and perform a two-dimensional
projection on each slice, the wake can be better visual-
ized. Figure 4 shows the slice number 31 associated with
the same simulations of figure 3. The wake presence is
more explicit in this case and corresponds to a clear ver-
tical line at the middle of the panel on the bottom figure
of 4.
Unfortunately, this does not mean that wake detec-
FIG. 3: Logarithm of the mass of a two-dimensional projec-
tion of simulation particles for lateral size L = 4Mpc/h and
redshift z = 3. The upper plot shows the simulation without
the wake, and the plot on the bottom shows the simulation
with a Gµ = 10−7 wake at the central position of the z axis.
tion is granted since the wake presence should be ob-
tained quantitatively and without previous knowledge of
the simulation without a wake.
In the next subsection, we will show the result of a
statistic that analyses a set of two-dimensional projec-
tions of the dark matter particles. We ask the question
if it is possible to differentiate the images of the two-
dimensional projections perpendicular to the wake from
any other projection without the wake.2
A sky map with a specific redshift layer can be further
subdivided into several square images (using small angle
approximation), and in a universe with a cosmic string
network, there is a small non-zero probability that one
2 One motivation for this approach is that some experiments,
like SKA [15] have a poor redshift resolution compared with the
angular resolution, so the data set can be better viewed as layers
of two-dimensional intensity maps with each layer corresponding
to a redshift range.
5FIG. 4: Logarithm of the mass of a two-dimensional pro-
jection of a slice of the simulation box with lateral size
L = 4Mpc/h and redshift z = 3. The upper plot shows
the slice without the wake, and the plot on the bottom shows
the slice with a Gµ = 10−7 wake at the central position of the
z axis.
of those images has a wake perpendicular to it. We will
see that this small fraction is still sufficient to pinpoint a
universe with Gµ = 10−7 cosmic strings at redshift down
to z = 3.
A. A curvelet filtering of the two-dimensional
projections
Here we describe the pipeline for the statistics that
we use for wake detection. All computations were per-
formed using Matlab, together with the curvelet package
CURVELAB [16]. We will also use ridgelet transforma-
tion [18], which detects straight lines (ridges) which cross
an entire image. Similarly, the curvelet base functions are
line segments, which can be seen as a local version of the
ridges.
The first of the filtering procedure step is, for each
cubic simulation box, to slice it into 32 different tiles
(where the slice is perpendicular to the x direction, while
the wake is parallel) and to obtain a two-dimensional map
of it by projecting the associated slice onto the y−z plane.
For each two-dimensional dark matter map particle
number (which is proportional to the dark matter mass)
pn (viewed as a two-dimensional array with the projected
number of particles as each one of its elements) we per-
form the following steps:
1-) Compute the logarithm of the dark matter mass
pnlog = log(1 + pn). The number one is added for the
result to be strictly positive.
2-) Compute the curvelet-filtered transformation
curv(s, w, i, j) = C(pnlog), were s corresponds to the
scale of the ridge, w to the angle, i and j to the po-
sitions. All the curvelet coefficients with scales higher
than the expected wake thickness were set to zero.
3-) A wake ridge corresponds to coefficients that are
much higher than the others if we fix the position, scale
and allow the angles to vary. Therefore we would like
to highlight the maximum of the function fs,i,j(w) =
curv(s, w, i, j) in the angle variable w. We implement
that for each (s, i, j) by multiplying the function g(w) =
fs,i,j(w) by its own density contrast g˜(w) = (g(w)− g¯)/g¯,
where g¯ = mean(g(w)). The resulting new wavelet coef-
ficient becomes f˜s,i,j(w) = fs,i,j(w)× g˜(w).
4-) After the previous filter, the inverse curvelet trans-
formation is taken and dm2d = curv
−1(f˜s,i,j(w)).
Once the 32 filtered images are computed, we combine
them together again in a three-dimensional map dm3d,
where one of the dimension corresponds to the direction
of slicing (and go from one to 32) and the remaining two
dimensions are the labels for the filtered image pixels.
The image of each slice corresponds to the filtered image
obtained in the steps above for each one of the slices.
5-) Compute a 3d curvelet decomposition curv3d =
C(dm3d), and set the negative coefficients to zero. The
motivation for this threshold is to consider just planar
overdensity detection in the image, since the negative
curvelet coefficients represent planar underdensities (or
planar voids, which are not important for us). After that,
we do the inverse curvelet transformation. This proce-
dure will also highlight pixels with high density that are
next to each other. By doing the inverse curvelet trans-
formation, we obtain 32 filtered slices dmFilt(i, j, k) =
C−1(curv3d) from the original 32 slices, where i and j
range from 1 to 1024 and k range from 1 to 32.
Steps 3 and 5 are crucial since they highlight line seg-
ment discontinuities (as produced by the wake). To see
this, consider figure 5 which shows the result of the fifth
step for the maps of figure 4. The wake presence is clear
now, with a large line segment on the bottom panel in-
dicating the wake position.
6-) Perform a ridgelet transformation [18] on each
slice radk(l, a) = R(dmFiltk(i, j)) , where k indicates
the slice, l the position of the ridge, a its angle and
dmFiltk(i, j) = dmFilt(i, j, k) its image before the
ridgelet transformation. A ridgelet transformation is
suitable for detection such as the ones produced by the
wake.
67-) The wake statistical signal indicator
s(k) = pk(k)/std(k) of the slice k is the peak
pk(k) = max(radk(l, a)) divided the standard devi-
ation std(radk(l, a)) of the Radon transformation, where
max(radk(l, a)) denotes the maximum value of the two
dimensional array radk(l, a) (with respect to (l, a)) and
std(radk(l, a)) denotes the standard deviation of the
same array radk(l, a) (also with respect to (l, a)). A high
peak means that there is a line in the two-dimensional
map with high contrast, such as the one produced by
the wake.
8-) Finally, take the sum of s(k) as the wake indicator
statistical signal of the (4Mpc/h)3 volume. The wake
presence will increase each one of the s(k) systematically,
so that is why we take their sum as the wake signal S:
S =
∑
k
s(k) (8)
FIG. 5: Filtered version of the logarithm of the mass of a two-
dimensional projection of a slice of the simulation box with
lateral size L = 4Mpc/h and redshift z = 3. The upper plot
shows the slice without the wake, and the plot on the bottom
shows the slice with a Gµ = 10−7 wake at the center.
The analysis above is applied in two different situa-
tions: in the first one, the orientation of the wake is used
as prior information, and in the second situation, this
information is not used beforehand. Each case will be
described in the next two subsections.
B. Wake signal extraction with wake orientation
prior
We have inserted the wake at the plane Z = 2Mpc/h.
Therefore, by choosing the axis x as the projection axis
for our analysis, we will be automatically selecting an
axis perpendicular to the wake plane and therefore will
have an optimal statistical analysis.
For each simulation and orientation aligned with the
wake, we chose the wake indicator S from 8. The result
of the distribution of the signal S for each one of the ten
simulations (with and without wakes) is shown in figure
6.
FIG. 6: Distribution of the wake indicator S for the wake
simulations (in red), and with pure ΛCDM (in blue).
This statistic has a confidence level of R¯ = 9.9, where
R¯ = mean(R) is the mean of the signal to noise ratio for
the wake simulation, defined as
R =
S − S¯nw
std(Snw)
where S is computed for a given simulation with a wake,
S¯nw is the mean S of all simulations without wakes and
std(Snw) is the standard deviation of all S from sim-
ulations without a wake. R¯ is the mean of R for all
simulations with wakes.
7C. Wake signal extraction without wake
orientation prior
In this subsection, we consider various orientations for
the two-dimensional projections, without introducing the
wake orientation information beforehand. For choosing
different angular orientations, we consider a Healpix set
of spherical angles [22], which give equally-spaced adja-
cent spherical angles. In addition to considering differ-
ent orientations, we also take advantage of the periodic
boundary condition and perform random displacements
and rotations on the two-dimensional figures, so the wake
line does not lie on the z = 2Mpc/h plane anymore.
By choosing the parameter Nside = 8 for the Healpix
scheme, we can survey Nangles = 384 different project-
ing angles for each simulation (we are considering just
non-antipodal angles since they produce equivalent two-
dimensional projections). Figure 7 shows an example for
one of the simulations of a sphere in which each point
is a pair of spherical angles, and the color specifies the
value of the wake indicator S for that orientation.
FIG. 7: Wake indicator S values for different orientations for
a simulation box with lateral size L = 4Mpc/h and redshift
z = 3. The upper plot shows the spherical map without the
wake, and the plot on the bottom shows the spherical map
with a Gµ = 10−7 wake.
If we consider the wake indicator S value for all angles
of the ten samples, we can construct the histogram of
figure 8, which shows the histograms for both the wake
case and also for the no wake case.
There are 10 outliers with S > 532 for the histogram
without wakes and 833 outliers for the histograms with
wakes. We choose St = 532 as a threshold that indicates
FIG. 8: Histogram in logarithmic scale of the S values for
all 384 angles and ten simulation boxes with lateral size L =
4Mpc/h and redshift z = 3. The red histogram correspond
to the simulations without wakes, and the blue histogram
correspond to Gµ = 10−7 wakes.
the wake presence. In principle, we could have chosen
a higher threshold, such as S = 590, where there is just
one outlier for the histogram without wake and we would
obtain better results (because the probability of finding
such an outlier would be much smaller). But we want
to construct our statistics based not in only one point,
which could lead to a non-robust result. Therefore if in
a pure ΛCDM universe a random set of 32 dark mat-
ter maps of (4Mpc/h)2 with resolution of 10242 at red-
shift z = 3 is taken in the sky, the probability of it to
have S > 532 is pnw ≈ 10/3840 = 0.0026. We would
naively expect that the probability of finding a similar
S > 532 dark matter maps for a universe with wakes
would be ≈ 833/3840 = 0.2169, but that is not true,
since not every map of this kind will intercept a wake.
With the simplest (and most conservative) assumption
that in a ΛCDM plus cosmic string universe there is
just one long string per Hubble volume, we would ex-
pect that only a fraction of about 1/24 = 4Mpc/95Mpc
of the boxes (95Mpc corresponds to the comoving Hub-
ble radius at wake formation) would contain a wake, so
we have to multiply the previous probability estimation
by this factor. Therefore the expected probability of
finding a similar S > 532 dark matter map would be
pw ≈ 0.2169 ∗ (1/24) = 0.0090, which is 3.4 higher than
in the no wake case.
We will assume that we can cover one-quarter of all
angles in the entire dark matter sky, so we have about
N = 104 dark matter maps similar to the ones we are,
and for each one of them, we would find one wake in-
dicator S value. Multiplying this number N by the
probability of finding S > 532 outliers we expect to ob-
tain Nnw = 26 outliers in a universe without wakes and
Nw = 90 outliers in a universe with cosmic string wakes.
8With this result now we can know what is the probabil-
ity of discarding the null hypothesis that our universe is
pure ΛCDM in favor of an alternative hypothesis that
our universe contains a network of Gµ = 10−7 cosmic
strings. The probability of a universe with wakes to have
more than 45 (this is half the expected one, chosen to
be sure the probability is very close to one) outliers from
the N quantities discussed above is very close to one (by
one part in 107). On the other hand, the probability of
having more than 45 outliers in a pure ΛCDM universe
is 4.5594×10−4, which is a p-value equivalent to 4 sigmas
of confidence level.
We showed above that it is possible to identify the pres-
ence of cosmic string wakes of Gµ = 10−7 at z = 3 with
confidence level of four sigma if a set of three-dimensional
dark mater maps covering one-quarter of the sky is given.
Each map should consist of 32 consecutive slices (with re-
spect of the field of view, and having 4Mpc/h of depth)
of (4mpc/h)2 squares with 1024 pixels per dimension.
We argued that with the most simplistic assumptions of
one wake per Hubble volume, there would be 90 outliers
indicating the wake presence, whereas there will be 26
outliers in the case of a universe without cosmic string
wakes.
V. CONCLUSION
With this work, we can affirm that a sky map of the
dark matter distribution can be used do constrain the ex-
istence of cosmic strings with high statistical significance.
It is worth mentioning that the values used to construct
this argument are conservative ones, and increasing then
(the number of maps in the sky (N), the wake indicator
threshold St = 532, the number of outliers 45 and the
number of long cosmic strings per Hubble volume (here
taken as one)) will give better results than quoted in this
paper.
We are investigating whether neural networks could
improve the wake detection. The hope is that they will
be able to distinguish maps with and without wakes at
redshifts below z = 3 and lower string tension parameter.
The experimental prospects to find the wake signal will
be analyzed in future works, where resolution (angular
and redshift) is essential together with intensity sensi-
tivity. Finally, it remains to be seen if the dark matter
tracers, such as halos and galaxies will maintain the wake
signal. All of those aspects are under current investiga-
tion.
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